Introduction
Pulsed electron paramagnetic resonance (EPR) dipolar spectroscopy, which can precisely measure distances in the range of 1.5-10 nm, has become a valuable tool for structural biology by providing important information about tertiary structures, conformational flexibilities and intermolecular interactions of biomacromolecules. [1] [2] [3] Pulsed electron-electron double resonance (PELDOR, 4 also called DEER 5, 6 ) is the most commonly used of such EPR techniques, where the distances are measured by determining the magnitude of the magnetic dipolar coupling (o dd ) between pairs of spin probes, which in the weak coupling regime is given by the formula (1) 6 :
where m B is the Bohr magneton, h is the Planck constant divided by 2p, g A and g B are the effective values of the g-tensor, corresponding to the excited A and B spins, R is the electronelectron distance and y is the angle between the vector R and the external magnetic field B 0 . Typically such measurements are done using nitroxide radicals, which have been site-specifically attached to proteins or nucleic acid molecules. [7] [8] [9] [10] [11] In the last decade, paramagnetic Gd 3+ and Mn 2+ chelate complexes have been introduced as alternative spin probes for PELDOR spectroscopy. 12, 13 Due to their high-spin multiplicities, Gd 3+ and Mn
2+
PELDOR measurements benefit from the use of high microwave excitation frequencies and corresponding high magnetic fields. Using high magnetic fields provides higher sensitivity, which is an important consideration for biological applications where often only a small quantity of the sample is available and spinlabelling efficiency is not 100%. Although Gd 3+ spin-labels have been widely used for biological PELDOR applications, Mn 2+ remains underexplored. [13] [14] [15] [16] From the perspective of biological applications, Mn 2+ is interesting, because many enzymes contain Mn 2+ at their catalytic active site, 17, 18 it can also readily replace diamagnetic Mg 2+ in biological constructs 19 due to their identical charge and similarity in ionic radii. 20 These properties make EPRbased distance measurements using Mn 2+ a potentially powerful experimental toolkit for structural biology.
Compared to nitroxide and other organic radicals, Mn 2+ is a more complicated spin system with an electron spin of S = 5/2. Thus, the EPR spectrum of Mn 2+ complexes with non-zero a Goethe-University Frankfurt am Main, Institute of Physical and Theoretical quadrupole Zero-Field Splitting (ZFS) parameters reveals a fine structure, consisting of five resonance lines |m S i -|m S AE 1i, where m S is the projection of the electron spin vector to the magnetic field vector. Each of these is further split into a sextet of hyperfine lines, arising from the 55 Mn nuclear spin (I = 5/2, 100% abundant). In disordered samples, the total width of the EPR spectrum is defined to a large extent by the ZFS and 55 Mn hyperfine coupling. 21, 22 The individual widths of the six hyperfine lines corresponding to the central |À1/2,m I i -|1/2,m I i transition, where m I is the projection of the 55 Mn nuclear spin vector to the magnetic field vector, do not depend on ZFS in first order perturbation theory and hence these lines are very sharp. The other electron spin transitions have a first order ZFS dependency and are typically broad and featureless. One of the important properties that governs the sensitivity of PELDOR experiments is the dipolar modulation depth. It is defined by the fraction of spins (referred to as B spins in the following) that are inverted by the applied pump pulse at the second microwave frequency, n B (see Fig. 1 ). The fraction of spins that are detected (referred to as A spins that are in resonance with the pulses at the microwave frequency of n A ) is also an important parameter for sensitivity, since it contributes to the echo amplitude. For Mn 2+ centers only a part of one of the six hyperfine lines of the central |À1/2,m I i -|1/2,m I i transition can be excited by the pump pulse, leading to low modulation depths of about 0.5 to 2%. [13] [14] [15] 23 As has been shown for Gd 3+ complexes, 24, 25 one way to improve on this low modulation depth condition is to use the relaxation-induced dipolar modulation enhancement (RIDME) 26, 27 experiment instead of PELDOR. Unlike PELDOR, where the singlequantum electron spin transition of the B spin is driven coherently by a microwave pulse, in RIDME the B spin transition is driven incoherently by electron spin longitudinal relaxation, which is characterized by the time constant T 1e . Experimentally it is achieved by replacing the pump pulse at the second microwave frequency n B by a mixing block, composed of two p/2 pulses, applied at the detection frequency n A (Fig. 1) . 27 In this case, the dipolar modulation depth is defined by the formula (2):
where T mix is the time between the two p/2 pulses in the mixing block, during which the B spin flips due to longitudinal relaxation. 27 For a dipolar-coupled spin 1/2 system the highest theoretically achievable value for the modulation depth is 50%, 27 however, as has been observed for Gd 3+ systems, highspin systems can achieve a larger value, due to the possibility of multiple-quantum relaxation (Dm S 4 1) of the B spin. 24 Longitudinal relaxation can drive not only single quantum transition Dm S = AE1, as is the case for the spin 1/2 system, but also effectively double (Dm S = AE2) and higher-quantum transitions of the B spin leading to the presence of the corresponding harmonic frequencies (no dd ) in the RIDME experiments. Thus, the dipolar coupling harmonics have been observed in RIDME experiments with Gd 3+ (ref. 24 and 25) and Mn 2+ bis-nitroxide model compound 28 and have been attributed to the high electron spin multiplicity of the metal ion.
In the current work we describe the RIDME experiments on the bis-Mn 2+ complex 23 shown in Fig. 2 at W-band (94 GHz, 3.3 T) and J-band (263 GHz, 9.4 T) microwave frequencies. We examined how the multiple quantum components affect the RIDME measurements and compared the performance of these experiments with PELDOR. Fig. 1 Pulse schemes for the four-pulse PELDOR and five-pulse RIDME experiments.
The field-swept Hahn echo-detected EPR spectrum of complex 1 obtained at W-band (94 GHz) frequencies is depicted in Fig. 3 Table 1 , where signal-to-noise ratios (SNR) per square root of the total accumulation time are given). This is due to the fact that this PELDOR time trace was detected in resonance with the 5th hyperfine line of the central transition (see Fig. 3 ). As a result, the echo intensity is significantly larger, which improves the sensitivity. A further improvement of the sensitivity of such a type of PELDOR experiment can be achieved using resonators with a larger bandwidth or double-mode structures. Both have been successfully used for Gd
3+
-based PELDOR experiments. 29, 30 Another approach for increasing the sensitivity has been the use of shaped broadband pump pulses.
31-35
The distance distributions obtained by Tikhonov regularization analysis by the DeerAnalysis 36 toolbox are shown in Fig. 4C .
The most probable distances were about 2.5-2.6 nm with a full width at half maximum of about 0.6 nm for each PELDOR time trace. The distance distributions were in agreement with the structural predictions. 23 
W-(94 GHz) and J-band (263 GHz) RIDME experiments
Experimental RIDME time traces obtained at W-(94 GHz) and J-band (263 GHz) frequencies on complex 1 in protonated and deuterated solvents are shown in Fig. 5 . The mixing times corresponded approximately to the T 1e relaxation time at 25 K for the respective frequencies. As the microwave frequency increased, the T 1e value shortened by a factor that was roughly equal to the ratio of microwave frequencies. Similarly, the phase memory time T me also shortened upon increasing the frequency (for more details, see Sections 6 and 10 of the ESI †).
Whereas no significant change to T 1e was found upon using a deuterated solvent, the T me value lengthened, and changes to the slope of the echo decay as a function of interpulse delay were observed (see Fig. S7 , S8, S31 and S32, ESI †). Thus, the mixing time at W-band frequencies was equal to 80 ms for both solvents, while at J-band frequencies the mixing times were 30 ms for the deuterated and 25 ms for the protonated solvent samples. As can be seen from 
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influences significantly the background functions. This is related to the multiple components which contribute to the background function of RIDME. Unlike PELDOR background signals that are dominated by inter-molecular dipolar couplings, RIDME background signals additionally contain a contribution related to the transversal relaxation. In the case of a protonated solvent, the electron-nuclear spin diffusion is considerably stronger, resulting in a significantly faster decay of the RIDME signals ( Fig. 5 , RIDME time traces in red). The experimental W-and J-band RIDME time traces of complex 1 in a deuterated solvent with corresponding fitted background functions (analytic functions are given in Table S1 , ESI †) as well as background-divided time traces are shown in Fig. 6 . The W-band time traces were obtained with two different mixing times: 20 ms corresponding roughly to 3 times T me (left column, Fig. 6 ) and 80 ms corresponding approximately to the T 1e relaxation time at 94 GHz (middle column, Fig. 6 ). For a shorter mixing time, the dipolar modulation depth was about 30% (Fig. 6D ) and for a longer mixing time it was about 55% (Fig. 6E) . The experimental modulation depths were larger than the theoretical values (about 10 and 30%, respectively) obtained using eqn (2) . 27 The higher experimental modulation depths might indicate the influence of the high electron spin of the Mn 2+ ion. By comparison, the modulation depth at the J-band was about 37%, while the calculated value was about 30% (with T 1e of 30 ms at this frequency). Analysis of the background-divided RIDME time traces was performed with Tikhonov regularization (see the Experimental section). The distance distributions and back-calculated dipolar evolution functions, based on the Tikhonov analysis with the conventional kernel function (identical to that used in the DeerAnalysis toolbox), given as:
are depicted in red in Fig. 6 . The distance distributions obtained from the RIDME measurements all showed two resolved maxima rather than the one found by PELDOR. Similar complex distance distributions have been reported for RIDME experiments with Gd 3+ ions (S = 7/2) 24,25 and for the Mn 2+ -bis-nitroxide complex. 28 This apparent increase in the complexity of the distance distributions has been attributed to multi-quantum longitudinal relaxation of high-spin systems. The W-band RIDME time trace with a 20 ms mixing time and its analysis are depicted in Fig. 6A , D and G. The peak at about 2.5 nm obtained from Tikhonov regularization analysis with the conventional kernel function (eqn (3)) corresponded to the expected interspin distance. 23 The 2.0 nm peak corresponded to the contribution from the second harmonic of the dipolar coupling frequency. In order to test this, the second harmonic of the dipolar coupling frequency was explicitly added to the kernel function for the Tikhonov regularization:
KðT; RÞ ¼
This led to the disappearance of the 2.0 nm feature (Fig. 6G) , leaving the position of the 2.5 nm peak unchanged. It was found that a weight of 0.5 for both components led to a single peak similar to the one found using PELDOR and in agreement with predictions 23 (for more detailed analysis of the dependence of the distance distributions on the weight of the 2o dd component see Section 7.1 of the ESI † and Fig. S9 ). The W-band RIDME time trace with a 80 ms mixing time (approximately T 1e at this frequency) and the analysis based on Tikhonov regularization are shown in Fig. 6B , E and H. As above, the expected 2.5 nm distance is found by Tikhonov analysis with the conventional kernel function (Fig. 6H) . Assuming that the first and second harmonics of dipolar coupling frequency are equally weighted, as was the case for the experiment with a 20 ms mixing time, the peak at 2.0 nm again disappeared from the distance distribution when the modified kernel function (eqn (4)) was used ( Fig. 6E and H in blue). However unlike for the measurement with a shorter mixing time, there was an additional small shoulder at about 1.8 nm in the distance distribution. To test whether this feature was due to the buildup of a triple quantum relaxation component, a kernel function having an explicit third harmonic contribution given by KðT; RÞ ¼
was used and the resulting distance distributions are shown in Fig. 6E and H in green. When the weight of the third harmonic component in the kernel function was set to 0.15 and those of the first and second harmonics to 0.425, the 1.8 nm peak disappeared ( Fig. 6H and Fig. S17 , ESI †) and the shape of the distance distribution more closely resembled that of the 20 ms mixing time RIDME measurements (for more detailed analysis of the dependence of the distance distribution on the weight of 2o dd and 3o dd components see Section 7.2 of the ESI †). Reduced phase memory time at the J-band with respect to W-band frequencies led to a decrease in sensitivity for RIDME experiments on compound 1. The distance distribution from the 30 ms mixing time J-band RIDME measurements using the conventional (eqn (3)) and modified kernels (eqn (4) and (5)) is shown in Fig. 6F and I (for more detailed analysis of the dependence of the distance distribution on the weight of 2o dd and 3o dd components see Section 7.3 of the ESI †). They were similar to the one obtained from 80 ms mixing time W-band measurements, with the most probable distance being consistent with expectations. However, Tikhonov regularization analysis using the conventional kernel function gave a wing that extended from 3 to 4 nm (red curve in Fig. 6I ), which was not present in neither of the W-band RIDME measurements. Tikhonov analysis with the modified kernels (eqn (4) and (5)) enhanced the intensity of this wing (blue and green curves in Fig. 6I) . A possible cause of this peak might have been the incomplete cancellation of the moving Hahn echo arising from the last two pulses (see the RIDME pulse sequence in Fig. 1 ) and the refocused stimulated echo due to imperfect phases of the microwave pulses in the 8-step phase cycle. The correction procedure of the J-band time trace is given in Section 8 of the ESI, † the corrected time trace and the Tikhonov regularization analysis are presented in Fig. S29 (ESI †). As can be seen from this figure, when imperfect phases are accounted for, the wing in the distance distribution was nearly completely suppressed.
It is worth noting that all three RIDME time traces had small amplitude oscillations (see Fig. 6D-F) . The Fourier transforms 
of the differences between the experimental RIDME time traces and back calculations revealed multiple peaks in the frequency domain (see Fig. S12 , S16, S19, S24 and S27, ESI †). However, the amplitudes of these oscillations were not more than 3% of the amplitude of the dipolar oscillations. These oscillations remained when the long mixing-time W-band RIDME time trace was divided by the short mixing-time one (see Fig. S30 , ESI †). This indicated that the amplitude of these oscillations built up with an increasing mixing time. A more detailed analysis of these oscillations is given in Section 7 of the ESI, † where differences in the background-divided RIDME time traces and back-calculations, based on Tikhonov analysis with different kernel functions, are shown (Fig. S11 , S15, S18, S23 and S26, ESI †). Measurements on the monoMnDOTA complex (chemical structure is shown in Fig. S1 , ESI †) also had a small amplitude oscillation (see Section 5 of the ESI, † Fig. S6 ) but with a distinct single frequency of about 1.7 MHz. This frequency corresponded to the 14 N hyperfine coupling 14 and likely arose from non-coherent ESEEM effects. 37 Importantly, the oscillations seen in RIDME (Fig. 6D-F) were so small in 
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amplitude that they did not affect the Tikhonov analysis in any substantive way.
Comparison of PELDOR and RIDME experiments
The RIDME experiments yielded significantly larger dipolar modulation depths (up to 55%) than those obtained using PELDOR (up to 1.7%). This is a significant advantage in terms of sensitivity. The signal-to-noise ratio per square root of the total accumulation time of the RIDME and PELDOR measurements was determined in order to assess their relative efficiencies (Table 1 and see Section 15 of the ESI † for details). The RIDME measurements were up to 3 times more sensitive than the most sensitive PELDOR measurement (with À252 MHz pump-probe frequency offset), as indicated in Table 1 . However, RIDME measurements on Mn 2+ centers have some disadvantages with respect to PELDOR. Determination of the background function for PELDOR experiments is already a nontrivial task, especially for flexible molecules, which have dipolar oscillations that dampen very quickly. But even in such cases, the PELDOR background functions have only a single component, namely inter-molecular dipolar couplings, which for randomly distributed molecules can be accurately approximated with a mono-exponential function. 4, 6 By contrast, the background functions of RIDME measurements are more complex, having several different contributions which, as in previous studies, 24, 25, 27 appear to be adequately modeled with a stretched exponential function (analytical functions for the backgrounds are given in Table S1 , ESI †). Comparisons of the RIDME and PELDOR background functions are shown in Fig. 6A -C and 4A. One can also see that the RIDME background functions strongly depend on whether the solvent is protonated or deuterated (see Fig. 4 ). This indicated a strong dependence on the transverse relaxation of the Mn 2+ spin. Whereas the RIDME background definition is relatively robust in the case of a deuterated solvent (see Section 14 of the ESI † for the analysis of the influence of differently defined backgrounds on the modulation depth and the results of Tikhonov regularization analysis), a more detailed theoretical understanding of how to model the RIDME background function would be important to minimize the uncertainty in the backgroundcorrection procedure, especially for the cases where exchange of the solvent is not possible. In contrast to PELDOR, RIDME exploits longitudinal relaxation to change the m S state of one of the spins in the pair. In high-spin systems relaxation can effectively change m S not only by AE1, but also by AE2 and higher. This creates additional harmonics of the dipolar coupling frequency in the experimental time trace that can be seen in the distance distribution. For model systems studied previously 24, 25, 28 and in this study (see Fig. 6G-I) , the distance can still be precisely extracted from Tikhonov analysis with a conventional kernel function (eqn (3)). However, for more flexible systems, a not uncommon case for biomolecules, these peaks cannot be so easily distinguished. Thus, the Tikhonov analysis with the conventional kernel function can lead to the distance distribution that deviates from the real one, even assuming that the background function has been determined correctly (see Section 12 and Fig. S34 of the ESI, † where this situation is modelled). But this analysis can still be used to make an adequate estimation of the distance, since for flexible systems the distance is initially not well defined. For more precise determination of the distance the Tikhonov regularization with the modified kernel can be of interest. As can be seen from Fig. 6G -I, with this approach the unwanted contributions from the harmonics of the dipolar-coupling frequency can be removed from the distance distributions. However, the weights of the different components vary, depending on the sample and experimental conditions, [24] [25] 28 leading to additional parameters that must be accounted for in the data analysis. Moreover, the more complex background function of RIDME can complicate the analysis of the harmonics contributions of the dipolar coupling, as has been shown in RIDME on a protein labelled with Gd 3+ centers. 25 Such peculiarities associated with the complex background function and harmonics of the dipolar coupling frequency in RIDME experiments with Mn 2+ can make it difficult to obtain meaningful information particularly in flexible biological systems. However, for systems with a relatively rigid structure, where dipolar oscillations are easily seen, RIDME measurements can be quantitatively interpreted and have higher sensitivity compared to PELDOR. These considerations suggest that Mn 2+ -based RIDME measurements are best suited for cases where accurate distances are not required, for example for determining the quaternary structures of proteins or for optimizing labelling conditions. Such applications can be performed more quickly due to the higher sensitivity and relative simplicity of setting up the RIDME experiment. For the cases where accurate distances are needed, RIDME can be complemented with PELDOR, which requires longer measurement times.
Experimental
The concentration of compound 1 was 50 mM in D 2 O : glycerol-d 8 or H 2 O : glycerol, 4 : 1, v : v with 100 mM HEPES at pD or pH 8. The detailed synthesis of the compound and initial characterization are presented in another study. 23 RIDME and PELDOR experiments were performed in a deuterated solvent with the exception of some RIDME time traces shown in Fig. 4 .
W-band pulsed EPR measurements
Pulsed EPR experiments at W-band frequencies were performed on a Bruker Elexsys E680 EPR spectrometer, equipped with a Bruker ''power upgrade 2'' and an Oxford Instruments CF935 flow cryostat. The Hahn echo-detected field-swept EPR spectrum was obtained with 10 and 20 ns pulses, an interpulse delay of 400 ns, 1 shot per point, a pulse repetition time of 11 ms, a sweep width of 0.1 T at a temperature of 25 K.
All RIDME experiments were performed with a deadtimefree five pulse sequence at a sample temperature of 25 K. 27 The W-band RIDME experiment with a mixing time of 20 ms was conducted with 10 ns and 20 ns p/2 and p pulses, respectively. This short mixing time was about 3T me time in order to eliminate the transversal component of the
This journal is © the Owner Societies 2016 magnetization. Hence, the unnecessary echo signals originating from the p/2 pulses of the mixing block and other pulses in the sequence, and, therefore, distortions in the RIDME time traces, are removed. Initial delay between pulses (d 1 in Fig. 1 ) was 400 ns. The initial time position for the mixing block (position of the first p/2 pulse in the block) was 300 ns after the first p pulse. The time delay between the second p/2 in the block and the last p pulse (d 3 in Fig. 1 ) was 2.5 ms. The sequence can be represented: 10 ns-400 ns-20 ns-(300 ns + DT)-10 ns20ms-10 ns-(2.5 ms À DT)-20 ns-2.4 ms-echo. The time increment DT was 16 ns with 156 number of points. A shot repetition time was 1 ms and the number of shots per point was 100. The 8-step phase cycle protocol 27 for the p/2 pulses was used. 55 scans were taken corresponding to a total accumulation time of about 2 hours. For the RIDME experiments with a mixing time of 80 ms on compound 1 in a deuterated solvent, 371 scans were taken corresponding to a total accumulation time of about 14.23 hours.
For analogous measurements in a protonated solvent, 507 scans were taken corresponding to a total accumulation time of about 16 hours. All W-band RIDME measurements were performed with the resonance position of the pulses set to the highest field hyperfine line of the central transition. W-band PELDOR measurements were performed at 6 K using the standard four-pulse, deadtime-free PELDOR/DEER sequence, 1, 6 with a four-step two-phase cycle. 38 The initial interpulse delay (between detection p/2 and p pulses) was 544 ns and the dipolar evolution window was 2226 ns. The initial time delay between the detection p pulse and the pump pulse was 364 ns which was incremented by 16 ns with 100 number of points. The shot repetition time was 800 ms with 100 shots per point. For measurements with a pump-probe frequency offset of 70 MHz, the pump pulse duration was 24 ns and the duration of the p/2 and p detection pulses was 12 and 24 ns. The number of scans was 256 resulting in a total accumulation time of about 2.34 hours. For measurements with a pumpprobe frequency offset of 150 MHz, the pump pulse duration was 24 ns and the duration of the p/2 and p detection pulses was 36 and 72 ns. The number of scans was 363 resulting a total accumulation time of about 3.32 hours. For measurements with a pump-probe frequency offset of À252 MHz, the pump pulse duration was 58 ns and the duration of the p/2 and p detection pulses was 30 and 58 ns. The number of scans was 243 resulting in a total accumulation time of about 2.22 hours.
J-band pulsed EPR measurements
J-band RIDME experiments were performed on a 263 GHz Bruker Elexsys E780 pulsed EPR spectrometer. The system is equipped with a 9.4 T superconducting magnet, with a quasioptical front-end with a microwave power of about 15 mW and an arbitrary waveform generator (AWG). The J-band RIDME experiment with a mixing time of 30 ms was conducted with 18 ns and 32 ns p/2 and p pulses, respectively. Initial delay between pulses (d 1 in Fig. 1 ) was 400 ns. The initial time position for the mixing block (the position of the first p/2 pulse in the block) was 300 ns after the first p pulse. The time delay between the second p/2 in the block and the last p pulse (d 3 in Fig. 1 ) was 2.0 ms. The sequence can be represented: 18 ns-400 ns-32 ns-(300 ns + DT)-18 ns-30 ms-18 ns-(2.0 ms À DT)-32 ns-1.9 ms-echo. The time increment DT was 16 ns with 115 number of points. The shot repetition time was 0.5 ms and the number of shots per point was 100. A 8-step phase cycle protocol 27 for the p/2 pulses was used. 930 scans were taken corresponding to a total accumulation time of about 12.95 hours. The J-band RIDME time trace on compound 1 in a protonated solvent (Fig. 4) was obtained with 16 ns and 30 ns p/2 and p pulses, respectively, and a mixing time of 25 ms. All the other parameters were identical to those in the previous case. The number of scans was 1133 resulting to a total acquisition time of about 18 hours. All J-band RIDME time traces were obtained with the resonance position of the pulses set to the lowest field hyperfine line of the central transition. No change in the time traces upon changing the resonance position of the pulses to the highest field hyperfine line was observed.
Tikhonov regularization analysis
The Tikhonov program used in our analysis closely followed the one found in DeerAnalysis. 36 This implementation was faster and more flexible with regard to the use of non-conventional kernels. Our implementation was validated by comparing the results against those obtained using DeerAnalysis for a set of PELDOR measurements. Our Fortran-90 program was an adaption of the program FTIKREG 39 which minimizes a functional:
where F(T) = K(T,R)P(R)
and for PELDOR measurements, as described previously, 36 F(T)
is the PELDOR form factor, P(R) is the distance distribution and K(T,R) is the kernel function. The conventional kernel function that was used was identical to that used in DeerAnalysis. 36, 40 L was the second derivative operator. Although provided as an option in FTIKREG, P(R) was always constrained to be positive in our implementation. 36 Low-level linear algebra routines (e.g. SVD) in the original FTIKREG were replaced with appropriate optimized operating system libraries. The ''self-consistency'' method of FTIKREG was not implemented since it has been shown previously that the L-curve graphical solution method was more appropriate. 36, 41 Based on the visual inspection of the Tikhonov solutions and L-curves (see above), a regularization parameter of 10 was found to be appropriate for the reported measurements.
Conclusion
RIDME and PELDOR experiments were performed on a model compound, containing two dipolar-coupled Mn 2+ ions. RIDME experiments were performed at W-and J-band microwave frequencies. For the studied system, where the ligand for Mn 2+ ion is DOTA, it is advantageous to perform the experiments at W-band
